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Nanoporous anodic aluminium oxide has been widely used
for the development of various functional nanostructures.
So far these self-organized pore structures could only
be prepared within narrow processing conditions. Here
we report a new oxalic-acid-based anodization process
for long-range ordered alumina membranes. This process
is a new generation of the so-called ‘hard anodization’
approach that has been widely used in industry for
very
thick (>100um) and low-porosity alumina films since

high-speed fabrication of mechanically robust,

the 1960s. This hard anodization approach establishes
a new self-ordering regime with interpore distances,
(Dint) = 200-300nm, which have not been achieved by
mild anodization processes so far. It offers substantial
advantages over conventional anodization processes in
terms of processing time, allowing 2,500-3,500% faster
oxide growth with improved ordering of the nanopores.
Perfectly ordered alumina membranes with high aspect
ratios (>1,000) of uniform nanopores with periodically

modulated diameters have been realized.
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electrochemical oxidation of aluminium have been

investigated and used in numerous products for more
1-7

Anodic aluminium oxide (AAO) films formed by the

than 100 years'”. In recent years, nanoporous AAO with a
hexagonal arrangement of monodisperse nanopores has become
a popular template system for the synthesis of various functional
nanostructures®'*. This trend originated from the discovery of
self-ordered alumina membranes by Masuda and Fukuda' in
1995. In general, the fabrication of self-ordered Al,O; pore arrays,
under conventional so-called ‘mild anodization’ (MA) conditions,
requires several days of processing time and the self-ordering
phenomenon occurs only in narrow process windows, known
as ‘self-ordering regimes>?!. Owing to the slow oxide growth
rates (for example, 2-6 umh™"), MA processes based on Masuda’s
approach have not been used in industrial processes so far. For
practical applications, simple and fast fabrication of highly ordered
AAO with a wide range of pore sizes and interpore distances would
be highly desirable.

In this paper we draw renewed attention to the so-called
‘hard anodization’ (HA) process, which was invented in the early
1960s*%. The HA process is characterized by the use of sulphuric
acid at relatively low temperatures and high current densities,
and has been widely used for various industrial applications (for
example, surface finishing of aluminium cookware, automobile
engineering, textile machinery and so on) by taking advantage
of the high-speed oxide growth (50-100 umh™") (refs 26-29). In
academic research, however, the HA process has not been favoured
over the past four decades and has not been applied to the
development of nanostructured materials because of difficulties
in controlling important structural parameters, such as pore size,
interpore distance and the aspect ratio of the nanopores of the
resulting alumina membranes.

In typical MA processes, self-ordered arrays of alumina
nanopores can be obtained within three well-known growth
regimes: (1) sulphuric acid (H,SO,) at 25V for an interpore
distance (D) = 63nm (refs 16,17), (2) oxalic acid (H,C,0,)
at 40V for Dy, = 100nm (refs 15,17,20), and (3) phosphoric
acid (H;PO,) at 195V for D,, = 500nm (refs 18,21). When
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Figure 1 Hard anodization versus mild anodization. a, Current—time transients during HA of electropolished aluminium substrates in 0.3 M H,C,0, (1 °C). The current-time
transient of a conventional MA (0.3 M H,C,0,4, 1°C, 40V) is also plotted (red line) for comparison. b, Film thickness as a function of time during HA at 140V (blue line) and an
MA process at 40V (red line). The different thicknesses of anodic oxides after 2 h of anodization are highlighted schematically in the insets. ¢, SEM micrographs of the
corresponding AAQ specimens formed by MA for 2 h (left column) and HA for 2 h (right column). The arrangements of pores for the respective samples are shown in the upper
SEM micrographs. The thicknesses of the respective samples are indicated in the cross-sectional SEM micrographs.

the anodization process is carried out outside the self-ordering
regimes, the degree of spatial ordering decreases drastically. Applied
voltages higher than the optimum value required to maintain stable
anodization in a given electrolyte always result in ‘breakdown’
or ‘burning’ of the oxide film caused by catastrophic flow of
electric current®. These process limitations reduce the potential
applications of nanoporous alumina. Substantial efforts have been
made to explore new self-ordering regimes in a wider range of
Dy, (refs 19,30-33). Shingubara et al.”® used a 1:1 oxalic/sulphuric
acid mixture in anodic oxidation to obtain self-ordered nanopore
arrays with D;,, = 73nm. Ono et al. found that domains of
highly-ordered pore arrays occur in porous alumina film formed
during breakdown®>*?. More recently, Chu et al’" reported the
fabrication of self-ordered AAO in sulphuric acid solution under
high anodization potentials and current densities of up to 70V
and 200mA cm™?, far from the MA regime (H,SO,: 25V and
2-4mAcm~2) but similar to the anodization conditions for
HA?*»2>3% They named this process ‘high-field anodization’ and
used an ‘aged sulphuric solution’. A combination of lithography
pre-patterning of the aluminium surfaces and subsequent MA
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has also provided some degree of flexibility in controlling D;,
(refs 13,36—39) and the pore arrangement. However, this MA-based
approach also has limitations in fabricating AAO membranes with
a high aspect ratio (depth divided by the diameter) of nanopores
above about 20.

We report a new self-ordering regime of nanoporous AAO
that was found during HA of aluminium substrates using oxalic
acid and applying potentials of 100-150V, which are more than
three times higher than the voltage (40 V) used in conventional
oxalic acid anodization'>®. On the basis of the newly found
self-ordering behaviour, we have realized the fabrication of
novel AAO membranes with periodically modulated diameters of
nanopores, whose three-dimensional (3D) pore structures have
the potential for a broad range of nanotechnology applications,
such as 3D photonic crystals, meta-materials, microfluidics and
for the template-based synthesis of multifunctional nanowires and
nanotubes with modulated diameters.

To suppress breakdown effects and to enable uniform oxide
film growth at a high voltage (>100V), we found that an oxide
layer (thickness >400nm) should be formed on the surface of
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Figure 2 The effect of voltage on the self-ordering of AAQ. a, Surface SEM micrographs of self-ordered AAOs formed in HA at voltages specified in the respective
micrographs (scale bars = 800 nm). HA of a mirror-finished aluminium substrate carried out using 0.3 M H,C,0, (1 °C) for 160 min. This SEM investigation was carried out on
the bottom surfaces of the resulting AAOs after the removal of the barrier layer by ion milling. b, The evolution of interpore distance (D), pore diameter (D,) and porosity (P)
as a function of the HA voltage. The porosity (P) of AAO was estimated using the following equation assuming an ideal hexagonal arrangement of the pores;

P=(n/2/3) (D, / Dit)?, where D, and Dy denote the pore diameter and the interpore distance (or cell size), respectively. The error bars represent the standard deviations

from the mean of each measured quantity.

the aluminium substrate before carrying out the HA process. This
protective oxide layer can be generated by anodizing an aluminium
substrate under MA conditions using, for example, 0.3 M oxalic
acid at 40V for 5-10 min. Subsequently, the anodization voltage
is slowly increased to a target formation voltage (100-150V) for
HA at a rate of 0.5-0.9 Vs~ and the HA will be continued under
a constant potential. It is believed that the surface oxide layer
provides uniform pore nucleation sites at the early stage of high-
voltage anodization, preventing local catastrophic events such as
local flow of high electrical current and defects by surface pitting
(see Supplementary Information, Fig. S1). The HA is accompanied
by a large evolution of heat, which is effectively removed using
an appropriate electrochemical setup in our experiment (see
Supplementary Information, Fig. S2).

The evolution of the current and the thickness of the AAO
film were investigated for HA at 110-140 V and MA at 40V using
0.3M H,C,0, (Fig. 1). Unlike the typical anodization curves for
MA (red line in Fig. 1a), the current—time transients in HA show a
nearly exponential decrease as a function of time. Such an unusual
behaviour of the current transition for HA can be explained by the
diffusion-limited electrochemical oxidation of aluminium at the
pore bottom as a result of the extremely rapid and homogeneous
film growth (5070 um h™"') on the whole sample area. It is believed
that the anodization current is mainly related to the movement
of ionic species (O*~, OH™, AP’") through the oxide layer at the
bottom of the pores**?. The mass transport of oxygen-containing
anionic species from the bulk reservoir (that is, the electrolyte) to
the oxide/metal interface determines the current density during the
anodization process. Accordingly, the ionic current is expected to
gradually decrease over time due to the extended diffusion path
along the nanopores. The diffusion-limitation of the HA process
is further confirmed by the nonlinear film growth rate (see Fig. 1b
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and Supplementary Information, Fig. S3). The HA process offers
a big advantage over conventional anodization processes in terms
of considerably shortened fabrication times due to the high-speed
film growth rate (Fig. 1c).

Investigations of the pore arrangement revealed that the cell
homogeneity of the AAO films increases dramatically as soon as the
anodization voltage is higher than 110V (Fig. 2a). The most highly
ordered AAO films were obtained under 120-150 V, where the cell
ordering is insensitive to the anodization potential. According to
scanning electron microscopy (SEM) analyses, the typical size of
the ordered domains is in the range of 6-8 um. The degree of self-
ordering of oxide nanopores decreased as the anodization potential
approached 155V, which is the maximum anodization voltage that
could be applied avoiding breakdown.

The effects of anodization voltages on the self-ordering of
the AAO films are shown in Fig.2b. The interpore distance
(Di) and pore size (D,) are found to be linearly proportional
to the anodization voltage, similar to the MA process"*. The
porosity (P) of self-ordered anodic alumina films formed by HA
is Py, = 3.3-3.4%. This value is about one-third of the porosity
value (Py, ~ 10%) that we previously proposed as a requirement
for self-ordered AAO under MA conditions®. On the basis of
the observations on porous oxide films formed by breakdown
anodization, Ono et al.* recently suggested that the porosity value
of P~ 10% is the optimum and also the minimum value. However,
our results show that this argument is not applicable to AAO films
formed by the HA process.

Figure 3 shows the relationship between D, and the
anodization voltage for HA. The self-ordering voltages and the
corresponding D;,, that have been reported for MA processes are
also plotted for comparison. It should be pointed out that the
present HA process establishes a new self-ordering regime in the
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Figure 3 A new and second regime of self-ordering for oxalic acid anodization.
Summary of self-ordering voltages and corresponding interpore distance (D) in
conventional MA in sulphuric (filled black squares)'®"”, oxalic (filled red circle)’>'":20
and phosphoric acid (filled green triangle)'®?', together with recently reported results
by Chu et al. (open black squares)®'. The black solid line represents the linear
regression of the data with a correlation parameter of zy, =2.5nmV~". The
coloured background for 100 nm < D, < 400 nm represents the self-ordering
regime unexplored until now. The interpore distance (D) versus anodization voltage
observed in oxalic HA is plotted (red open circles) with the corresponding regression
line (black solid line). The correlation parameter estimated from the linear regression
iS Zy=2.0nm V~". The inset shows the schematic cross-section of the porous
alumina structure with the barrier layer; D, = interpore distance, D, = pore
diameter, T= thickness of the pore wall, %, = thickness of the barrier layer.

ranges of D, = 200-300 nm, filling the gap that has not been
achieved by conventional MA processes. Previous studies indicate
that D;,, of AAO formed under ordinary MA conditions using
H,SO,, H,C,0, and H;PO, is linearly dependent on the applied
voltage with a proportionality constant {y, =2.5nm V™" (refs 1,
40,43). However, the proportionality constant ¢y, =2.0nm V™"
for AAO films formed by the HA process is lower than that for
the MA processes. The reduced ¢ for HA could be attributed
to a reduced voltage dependence of the pore diameter (D,)
and the barrier layer thickness (fyumier) of anodic alumina under
high current density (that is, high electric field (E) at the pore
bottom). The voltage dependence of D;, can be expressed by
Dint = gU = [Cpore + Cwall Z’b:urier] U) Where CpnreU and Cw:lll tbarrierU
respectively represent the potential (U) dependence of the pore
diameter (D, = C,.cU) and the wall thickness (T = C,utyarsier U)
of alumina nanopores with proportionality constants Cyere, Cyan
(see inset of Fig. 3).

According to microscopic analyses, the barrier layer thickness
for HA increases at a rate of #f12. ~1.0nm V™', which is ~20%
smaller than #2. ~1.3nm V™' for MA processes". The reduced
1A could be attributed to the high current density (j) involved
in the HA process in accordance with the high field conductivity
theory***; for valve metals, the current density (j) can be related to
the potential drop (A U) across the barrier layer of thickness #y,ier:
7 =Jjoexp(BAU/ tyamier), Where j, and B are material-dependent
constants at a given temperature and AU/ fy,., 15 the effective
electric field strength (E) across the barrier layer. For a given
anodization potential, the barrier layer thickness (#y,ier) is inversely
proportional to the logarithm of current density (j). We observed
differences in the chemical compositions of AAO films formed by
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Table 1 MA versus HA in 0.3 M H,C,04 (1 °C).

MA HA
Voltage (V) 40 110-150
Current density (mAcm~2) 5 30-250
Film growth rate (umh—") 2.0 (linear) 50-70 (nonlinear)
Porosity (P; %) 10 3.3-34
Interpore distance (Di,; nm) 100 220-300
Pore diameter (D,; nm) 40 49-59
Pore density (,0; pores cm—2)* 1.0x 10" 1.3-1.9x10°
¢ (amv-1yt 25 2.0
Water contents (wt%) 0.3-0.4 0.1
Carbon contents (wt%) 2.4 1.8
Density (gcm=3) 2.8 3.1

* Pore density (o) = (2/\/§Qfl) x 10" cm=2.
T Proportionality constant correlating the interpore distance (D,,) of self-ordered anodic alumina with the

anodization voltage.

HA and MA (see Supplementary Information, Fig. S4). According
to quantitative analyses on carbon and water contents, hard
anodized samples showed a lower level of impurities, which might
explain the higher density of anodic alumina formed by the HA
process (Table 1). In addition, the differences in impurity levels
could influence the electrical and optical properties of the anodic
alumina films. In fact, the AAO films formed by HA (>100V)
were bright yellow, whereas AAO films prepared by MA (40V)
are transparent. Strong fracture behaviour has been reported for
anodic alumina formed in concentrated sulphuric acid solution at
high potentials (25-70 V)*"**%_ These pore structures exhibit weak
cell junctions and the separation of individual alumina nanotubes
by weak mechanical forces. For the HA pore structures formed in
oxalic acid we observed very solid cell junctions. Like MA-anodized
alumina membranes, the cracks propagate across the nanopores
when strong mechanical forces are applied.

The microscopic analysis indicated that the pore diameter
(Dp”*‘) of anodic alumina for HA increases at a rate
of Ciir, = 0.4nm V™', which is 55% lower than C}%. =0.9nm V™"
for MA. For a given anodization potential, the HA process yields
anodic alumina with a smaller D,. It is reported that D, is strongly
affected by the dissolution velocity of alumina that is determined
by the pH value at the pore bottom*. For HA, the reduced D,
could be explained by enhanced proton activity at the pore bottom,
where significant Joule heating occurs as a result of the high current
density (that is, high electric field E).

It can be assumed that the rapid oxide formation due to the
high current density will generate a high mechanical stress at the
metal/oxide interface due to the associated volume expansion®®*',
Under this energetically unfavourable condition, the anodization
will proceed in such a way that the resulting mechanical stress
is minimized. This can be achieved by reducing the cell size to
enlarge the surface area of the metal/oxide interface. The ion
mobility within the barrier oxide and the degree of field-stimulated
local oxide dissolution should be adjusted accordingly. Because
the interfacial stress increases with the oxide growth rate at the
metal/oxide interface’®*!, the size of the cells should decrease with
current density for a given anodization voltage. Therefore, ¢y, for
anodic alumina formed by HA should be smaller than that for AAO
formed by MA. It is also expected that the high interfacial stress
gives rise to a repulsive force between the pore cells at the barrier
layer. In analogy to MA, we propose that the repulsive interactions
are the main driving force for the self-organized formation of the
hexagonal pore arrays*™*!. In other words, the high current density
in HA plays an important role in determining the self-ordering of
the oxide nanopores as well as the cell size.

nature materials | VOL 5 | SEPTEMBER 2006 | www.nature.com/naturematerials

©2006 Nature Publishing Group



ARTICLES

Imprint mould

AR bl i

Figure 4 Long-range ordered alumina membranes with modulated pore diameters. a, Scheme for the fabrication of porous alumina with modulated pore diameters by a
combination of MA and HA of a pre-patterned aluminium substrate. b, SEM micrograph showing a cross-section of anodic alumina (D, = 210 nm) with an ultra-high aspect
ratio (>1,000) of uniform nanopores; the HA on pre-patterned aluminium (D,,; = 210 nm) was conducted at 110 V. ¢,d, SEM micrographs showing the top and bottom
surface view of the as-prepared anodic alumina (D, = 275 nm) with perfect hexagonal arrangement of the nanopores. e, SEM micrographs showing the cross-section view
of the corresponding sample with modulated pore diameters. Magnified cross-section images of the top and bottom parts of the membrane are shown on the left and

right, respectively.

Because the current density decreases exponentially with time
(Fig. la), it is expected that the cell size (or Dy,) should increase
with anodization time. Investigations of D, as a function of
anodization time at 140V revealed that the average D;, of the
samples actually increases with anodization time for the first 30 min
(see Supplementary Information, Fig. S5). The initial increase in
D, could be ascribed to the rapid drop in current density at the
early stage of HA, and supports the idea that the current density
(that is, electric field strength E across the barrier layer at the pore
bottom) is a key parameter governing D;, in HA. On the other
hand, the variation in the average D;,, was found to be insensitive to
the anodization time for samples anodized for more than 40 min,
where the current density is rather stable (see Supplementary
Information, Fig. S5). All of these experimental findings suggest
that the current density needs to be maintained at a certain level
to obtain long-range ordered anodic alumina with a desired D, at
a given anodization voltage.

The arguments raised above were further evidenced by
realizing the fabrication of monodomain AAO membranes with
a high aspect ratio of uniform nanopores by HA. For MA
processes, it is well established that pre-patterning the aluminium
substrates before the anodization initiates the pore nucleation
and guides the growth of nanopores during anodization'***.
AAO membranes with ideally ordered pore arrangements in a
wide range of intervals have been prepared using this approach®.
However, the attainable maximum aspect ratio of the nanopores
maintaining the initial periodic arrangement critically depends on
the anodization conditions®***. Anodic alumina with a high aspect
ratio of uniform nanopores can only be prepared within limited
processing windows, satisfying self-ordering conditions'>"****!. For
MA of pre-patterned aluminium using oxalic acid, high aspect
ratios (>1,000) of nanopores could be obtained at 40 V. Under
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other anodization voltages, the ideal ordering of the nanopores
can only be maintained up to several micrometres in depth
(aspect ratio <20), and became perturbed as the thickness of the
oxide increased.

We found that the HA process can overcome such limitations.
AAO membranes with uniform nanopores with aspect ratios of
more than 1,000 were prepared by HA in the broad self-ordered
regime of oxalic acid (see Fig. 4b and Supplementary Information,
Fig. S6). In addition, on the basis of the fact that HA yields anodic
alumina with one-third lower porosity than MA (that is, Py, ~ 3%
for HA and Py, ~ 10% for MA), we were able to modulate
nanopore diameter by combining both anodization processes
(Fig. 4). Initially, the surface of the electropolished aluminium
was pre-patterned using an imprint stamp with hexagonal arrays
of imprint tips with 275nm period® (Fig.4a). Subsequently,
the resulting aluminium was anodized under MA conditions at
110V using 4wt% H;PO, (10°C) for 15min, resulting in a
segment of oxide nanopores with higher porosity. Subsequently,
HA was carried out at 137V using 0.015M H,C,0, (0.5°C)
for 2min, resulting in a lower porosity nanoporous alumina
segment. During HA, the current density was maintained at the
range of 33-35mAcm™? by adding fresh 0.3M H,C,0, into
the anodization cell. The anodization voltage was chosen based
on the linear relation between D,, and the anodization voltage;
Iva=2.5nm V' for MAY* and ¢, =2.0nm V! for HA. These
two anodization processes constitute one modulation period in
the oxide nanopores. Highly uniform periodic modulations in
pore diameters have been achieved by repeating two consecutive
anodization processes of MA and HA (Fig. 4e). The length of each
segment of oxide nanopores can freely be controlled by varying
the anodization time of the anodization process. The maintenance
of the ideal hexagonal arrangement (Fig.4c) of nanopores was
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verified by SEM investigation of the bottom surface of the oxide
membrane, showing the ideally ordered configuration of barrier
layers (Fig. 4d). Anodic alumina with a high aspect ratio (>1,000)
of uniform parallel nanopores (D, = 210nm) could also be
fabricated by a continuous HA process (Fig. 4b).

Finally, from a practical point of view, the HA process has
many advantages over conventional MA as summarized in Table 1.
We believe that these findings on the self-ordering phenomenon
during HA will lead to a revitalization of the HA processes in
nanotechnology research as well as in industry. Our major findings
on the HA with oxalic acid are as follows. (1) The current density
(that is, the electric field strength E at the pore bottom) is
an important parameter governing the self-organization of oxide
nanopores in a given anodization potential. (2) A new self-ordering
regime is established over a broad range of interpore distance
D, =200-300 nm. (3) The ratio ¢ between the interpore distances
D;,, and the anodization potential is lower ({yy = 2.0nmV™!
for HA, ¢ya =2.5nm V™" for MA). (4) The porosity P is lower
(P ~ 3%, Pya ~ 10%). (5) The growth rate of the porous oxide
film is 25-35 times larger (>50wmh™") than for MA. (6) Ideally
ordered alumina membranes with a high aspect ratio (>1,000)
of uniform nanopores can be fabricated by HA of pre-patterned
aluminium. (7) A combination of HA and MA allows modulation
of the pore diameter over extremely high aspect ratios.

METHODS
SURFACE PRE-TREATMENT OF THE ALUMINIUM FOILS

As-received aluminium plates (Goodfellow, 99.999%) were used in the
anodization experiments without the annealing step. The aluminium substrates
were electrochemically polished in a 1:4 solution of 65% HCIO4 and 99.5%
ethanol (5 °C) to exclude effects (for example, localized field concentration)
that could arise from the surface roughness during HA. During the
electropolishing process, the electrolyte was vigorously stirred.

HA QF ALUMINIUM

All HA experiments were carried out using an electrochemical cell equipped
with a cooling stage (see Supplementary Information, Fig. S2). To achieve
uniform film growth in oxalic acid solution (H,C,0O,, Aldrich) under high
voltages (>100 V), a mirror-finished aluminium plate was first anodized at
40V in 0.3M H,C,04 (1-2°C) for 8 min. This pre-anodization step produced
a thin porous oxide layer (about 400-nm thick) on the surface of the
aluminium substrate. Then, the anodization voltage was gradually increased to
a target formation voltage (100~160 V) at the rate of 0.5-0.9 Vs~!. A steady
increase in current density was observed during the increase in the anodization
voltage. When the electric field reached the target formation voltage, the
current density decreased exponentially as a function of time. Direct
anodization without this pre-anodization resulted in non-uniform oxide films
biased by extremely high and inhomogeneous current flow (>250 mA cm~2)
(see Supplementary Information, Fig. S1).

HA is accompanied by a large evolution of heat due to the high anodic
current associated with the high electric field at the barrier oxide. The excessive
heat promotes acidic dissolution of the oxide membrane by the electrolyte
(H,C,04). Prolonged HA under such conditions results in complete collapse of
the pore structure of the alumina membranes. Accordingly, the control of the
heat is important. In our experiments, the heat was effectively removed using a
powerful cooling stage that was in thermal contact with the aluminium
substrate through a copper plate (see Supplementary Information, Fig. S2).

SURFACE PRE-PATTERNING OF Al UMINIUM

Surface pre-patterning of aluminium has been achieved using a Ni imprint
stamp®’. For the development of wafer-scale Ni imprint stamps, first we
fabricated master patterns by laser interference lithography, where the period
and two-dimensional arrangement of the patterns could be adjusted
throughout a wide range of geometries and periodicities®®. Ni imprint stamps
could be replicated from the master patterns using an electrodeposition
technique. Typically, nanoindentation of the Al was achieved by applying about
25kN cm ™2 for 10's using an oil press.
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